In vitro studies suggest that ischemic injury of ce rebral white matter is mediated by non synaptic cellular mecha nisms, such as Ca 2 + entry into axons through reversal of the Na+-Ca 2 + exchanger. The authors investigated extracellular Ca 2 + concentration in relation to tissue depolarization (direct current potential) in vivo using ion-selective electrodes in cor tical gray and subcortical white matter of a-chloralose anesthetized cats during 120 minutes of global cerebral isch emia. On induction of ischemia, regional CBF, as measured by hydrogen clearance, ceased. The direct current potential de creased rapidly within minutes in gray matter and with little time delay in white matter. Extracellular Ca 2 + concentration Human stroke usually affects cerebral gray matter and white matter. Since these two major constituents of the brain differ functionally, metabolically, and structurally, mechanisms underlying ischemic dysfunction and dam age also are suspected to differ. Ionic movements across neuronal membranes are critical for the understanding of anoxic or ischemic injury (Hansen, 198 5; Stys, 1998 ) . Among ion fluxes that occur in the early course of isch emia, Ca 2 + entry into neurons is considered to be the most deleterious, since increases in intracellular [Ca 2 +] are not only related to neuronal transmission failure through its influence on transmitter release, but also to degeneration of neurons, possibly through activation of degredative enzymes (Choi, 1985, 198 8; Rothman and Olney, 198 6) . Excitotoxin-mediated influx of Ca 2 + into neurons has been assumed to be a crucial mechanism of the ischemic process (Benveniste et aI., 1988; Rothman and Olney, 198 6; Choi, 198 5) . Since white matter con sists of axons and glia but not synapses, ischemic injury Abbreviation used: [Ca 2 +]o' extracellular concentration of Ca 2 +. 788 decreased just as quickly in gray matter. In white matter, in contrast, extracellular Ca 2 + increased in the first 20 to 30 min utes, and a delayed and much slower decline, compared with gray matter, was observed thereafter, reaching a minimal level only about 60 minutes after occlusion. Our results suggest that smaller and delayed transmembrane shifts of Ca 2 + are corre lates of delayed ischemic membrane dysfunction in central white matter tracts, which may be explained by a lack of syn aptic mechanisms. Key Words: Direct current potential Extracellular calcium-Global ischemia-Gray matter Tissue depolarization-White matter.
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of white matter presumably is mediated by nonsynaptic cellular mechanisms. Ca 2 + influx through reversal of the Na+/Ca 2 + exchanger and possibly also through voltage gated Ca 2 + channels has been suggested to play such role (Stys, 1998 ) . Evidence for this hypothesis derives from several in vitro studies of the rat optic nerve preparation showing that anoxic injury in central white matter de pends on extracellular concentration of Ca 2 + ([Ca 2 +]o) and, that it is, for example, modulated by inhibitors of the Na+/Ca 2 + exchanger (Stys et aI., 1991) and by both L type and N-type Ca 2 + channel antagonists (Fern et aI., 1995) . Regarding the pivotal role of Ca 2 +, it is surprising that in vivo extracellular recordings of this ion in white matter anoxia or ischemia are lacking. Only recently, a report on in vitro changes in [Ca 2 +]o in white matter anoxia has been given (Brown et aI., 1998 ) .
Here, we present simultaneous determinations of [Ca 2 +]o ' direct current (DC) potential and regional CBF measured in cortical gray and subcortical white matter during 120 minutes of global ischemia in cats.
MATERIALS AND METHODS
Five cats weighing 2.2 to 3.4 kg were anesthetized with ketamine hydrochloride (25 mg/kg intramuscularly). After canulating the left femoral artery and vein, the animals were tracheotomized and immobilized with pancuronium bromide (0.2 mg/kg intravenously). Artificial ventilation was initiated, and anesthesia was changed to halothane (0.6% to 1.2% in a 70% nitrous oxide/30% oxygen gas mixture) to avoid protec tive effects of ketamine against excitotoxic and ischemic dam age (Lees 1989) . Arterial blood pressure was monitored con tinuously. Arterial blood gases were measured intermittently, and Pac0 2 was kept at 30 to 35 mm Hg using an expiratory end-tidal gas monitor. Both common carotid arteries were ex posed proximal to the origin of the superior thyroid artery, and the proximal portions of both subclavian arteries were exposed bilaterally by passing the supraclavicular area. To form snare ligatures for subsequent arterial occlusion, 3-0 monofilament nylon sutures were placed around each exposed artery and passed through polyethylene tubes.
To measure [Ca 2 +lo, double-barreled ion-selective micro electrodes with tip diameters of 1.5 to 2 fLm were manufactured using theta glass with thick septa. The ion-selective barrel was filled with Ca 2 + ionophore (Fluka, Neu-Ulm, Germany) and 150 mmollL CaCI 2 , and the reference barrel was filled with 150 mmollL NaCI. Calibration at 37°C was performed in 0.03, 0.3, and 3.0 mmollL CaCl 2 solutions with constant background of 150 mmollL NaCl and 3 mmollL KCI. The reference barrel also served for DC potential and for electrocorticogram recordings. The DC potential was recorded against a calomel electrode placed at the nasal region. Etched platinum iridium electrodes (tip diameter less than 50 fLm) were used to measure CBF.
Burr holes were drilled according to stereotactic coordinates (Reinoso-Suarez, 1961) above the temporal auditory cortex (middle ectosylvian gyrus) and above the frontal cortex (mar ginal gyrus). The, dura mater was removed under microscopic control. Assemblies of a Ca 2 +-selective electrode and a plati num electrode (electrode-to-electrode distance, about 1.5 mm) were inserted at the middle ectosylvian gyrus site 1.0 mm deep into the cortex, and at the marginal gyrus site 9 mm deep into the corona radiata (14 mm anterior to the interauricular line, 9 mm lateral to midline). Thin thermocouples (diameter 250 fLm) were inserted adjacent to the electrode assemblies at same depth and at a distance of about 2 mm. Both burr holes were filled with Gelfoam soaked in CSF. Body and brain tempera tures were controlled separately at 37.0°C with two indepen dent feedback temperature control systems. After animal prepa ration, halothane was turned off, a-chloralose (60 mg/kg) was intravenously administered at least I hour before arterial oc clusion, and general anesthesia was maintained with artificial ventilation of 70% nitrous oxide/30% oxygen. During the last 30 minutes of this period, control values for hydrogen clearance were measured after inhalation of hydrogen gas (less than 5%, added to the respiratory gas mixture). The CBF was calculated from the initial 2 minutes of the clearance curve using the following formula: CBF (mLiIOO g/min) = 69.3/Tl/2' There after, global ischemia was initiated and kept for 2 hours by occluding the prepared extracranial arteries. The CBF was mea sured 10 minutes after arterial occlusion and thereafter every 30 minutes.
All experimental data are expressed as means ± SD. The significance of differences at P < 0.05 was tested between sequential measurcments and between the two locations using analysis of variance with multiple post hoc comparisons (Scheffe's test) (Statistica, StatSoft, Inc., Tulsa, OK, U.S.A.).
RESULTS
Arterial blood Pao 2 , Pa0 2 0 pH, and brain temperatures were kept within normal range during the experiments (Table I) . After multiple extracranial arterial occlusion, CBF decreased in both the investigated white matter and gray matter regions to 0 mLiIOO g/min, and this value was kept throughout the experimental period. In all ani mals, pupils were fully dilated and showed no light re flex, and the electrocorticogram flattened on occlusion. Arterial blood pressure increased significantly during the initial 20 minutes after arterial occlusion and returned thereafter to preischemic levels. Figure 1 shows representative [Ca 2 +]o and DC poten tial recordings in gray matter and white matter before and after multiple extracranial arterial occlusion. In gray matter, [Ca 2 +]o increased for a brief period immediately after arterial occlusion and decreased thereafter in two steps: a first, steep fall about 3 minutes after occlusion was interrupted by a gradual decline, and then again was followed by a steep decrease, until a final level of less than 0.2 mmol/L was reached after about 15 minutes. A negative shift of the DC potential preceded the fall in Values are mean ± SD.
MABP, mean arterial blood pressure; rCBF, regional cerebral blood now. [Ca 2 +]o decreased in gray matter to about 10% (0.19 ± 0.07 mmol/L) of its preischemic control. In white matter, in contrast, [Ca 2 +]o increased during the early period, reaching maximal values about 10 minutes after occlu sion (1.62 ± 0.13 mmol/L) and slowly fell thereafter until it reached its final level of about 20% of preischemic control after about 60 minutes (0.28 ± 0.04 mmollL) .
Although the negative shift of the DC potential after arterial occlusion also was slower in white matter than in gray matter (Fig. 1) , the overall comparison of DC po tential changes revealed similar alterations in the two regions during the first 20 minutes after occlusion, re sulting in minimal levels of -12.05 ± 5.60 mV in gray matter and -13.03 ± 4.65 mV in white matter (Fig. 2) . Thereafter, the DC potential tended to shift back to positive values in gray matter, reaching -6.41 ± 4.10 mV at the end of the observation period 120 minutes after occlusion, whereas in white matter, low values of the DC potential persisted throughout the experimental session (-12.21 ± 3.67 mV at the end of the experi ment) . 
DISCUSSION
Our study demonstrates that during the early phase of global cerebral ischemia, alterations of [Ca 2 +]o differ tre mendously among gray matter and white matter regions. The decline of [Ca 2 +]o after arterial occlusion is delayed in white matter by about 30 minutes, and it is not as steep as that in gray matter. Furthermore, the [Ca 2 +]o level reached after 30 to 60 minutes remains significantly higher in white matter than in gray matter. In contrast, differences among gray matter and white matter regions concerning ischemic DC potential shifts are not as pro nounced. The deepest values below -10 m V are reached in both regions after about 20 minutes. Thereafter, a partial repolarization above -10 m V is observed in gray matter, whereas in white matter, the DC potential re mains well below -10 m V. The current results provide evidence for a substantially different ischemic patho physiologic mechanism of cerebral white matter com pared with gray matter.
Cerebral blood flow
The same degree of complete blood flow reduction in gray matter and white matter was essential for the direct comparison between the two CNS components. It was confirmed by local hydrogen clearance determinations of cerebral perfusion in the vicinity of DC and ion-selective electrodes. Hydrogen clearance provides a quantitative measure of tissue blood flow (Aukland et aI., 1964) . Additionally, this method allows differentiation between gray matter and white matter perfusion already in the control state, since the slope of clearance curves in gray matter is considerably steeper than that in white matter (Pasztor et aI. , 197 3) . It was therefore used during the stereotactically guided insertion of electrodes (Reinoso Suarez, 1961) as an additional means to verify the site of measurement.
Direct current potential
Negative deflections of the DC potential are likely to be accompanied by anoxic or ischemic membrane depo larization of neurons and glia in brain tissue (Hansen, 198 5) . In the initial phase after arterial occlusion, cortical DC potential shifts obtained in our study followed a similar time course and fell to similar levels as described by other studies during complete or severe ischemia (Ni cholson et aI. , 1977; Hansen and Zeuthen, 1981; Xie et aI. , 1995; Ohta et aI. , 1998 ) . In vivo measurements of the DC potential in cerebral white matter ischemia are scarce. To our knowledge, only one study has reported anoxic negative DC potential shifts in subcortical white matter, which were induced by cardiac arrest in adult rats (VoffSek and Sykova, 1997 ) . In the mentioned study, DC shifts followed a time course similar to alterations in cortical gray matter. Minima were reached after 5 and 6 minutes in gray matter and white matter, respectively. Similarly, our results in adult cats did not reveal signifi cant time course differences of the DC potential between gray matter and white matter in the early phase of isch emia, although in single cases, considerably slower de cays were observed in white matter (Fig. I) . Analysis of means reveals relatively high variations of the DC po tential, possibly reflecting that it is a gross potential un dergoing multiple influences from potential changes at neuronal and glial membranes surrounding an extracel lular electrode (Hansen, 198 5) . Minima of the DC po tential were reached later than those in the rat cardiac arrest model. In particular, the minimum in white matter was reached after only about I hour (Fig. 2) . In the second hour after occlusion, the DC potential in white matter remained significantly lower than that in gray matter. Partial recovery of the DC potential observed in gray matter during the second hour after occlusion probably reflects further degradation of membrane integ rity, possibly resulting in progressive loss of compart mentalization between intracellular and extracellular space and thus one of the basic elements for polarization of nervous tissue. Following this rationale, persistent deep depolarization found in white matter would be a correlate of delayed, slower ischemic deterioration in this CNS tissue. In ischemia of longer duration, the hypoth esis would have to be tested as to whether a secondary rise of the DC potential also is characteristic for white matter.
Extracellular calcium activity
For the study of extracellular ion actIVity changes, consideration of both ion and water displacements is es sential. Incongruous ischemic alterations of diffusion pa rameters among gray matter and white matter regions have been reported in young rats during development, including a decrease in volume fraction and an increase in tortuoisity of the extracellular space. In contrast, dif fusion parameters seem to be homogeneous in the adult brain (VoffSek and Sykova, 1997 ) . When the finding of VorfSek and Sykova, (1997 ) is taken as a basis for our extracellular Ca 2 + activity measurements in adult cats, the observed differences in [Ca 2 +]o alterations among gray matter and white matter are largely attributable to differences in the development of Ca 2 + conductances rather than variations in extracellular volume fraction. A first, brief increase of [Ca 2 +]o in cortical gray matter probably was attributable to shrinkage of extracellular space taking place in the phase immediately after arterial occlusion (Hansen, 198 5; VoffSek and Sykova, 1997 ) . The steep decline of [Ca 2 +]o in cortical gray matter usu ally was preceded by the negative DC potential shift ( Fig. 1 ) , suggesting that Ca 2 + influx was triggered by transmembrane depolarization and opening of voltage gated and N-methyl-D-aspartate receptor-mediated Ca 2 + channels, which are both involved in ischemic trans membrane Ca 2 + influx (Siesjo, 1992) . The increase in inward Ca 2 + transport across membranes of gray matter may even be underestimated because the extracellular determination of ion activities does not reflect water movement into the cellular compartment and shrinkage of the extracellular space.
The early rise in [Ca 2 +]o in white matter may have to be explained similarly by shrinkage of the extracellular space in this tissue constituent (VofiSek and Sykova, 1997 ) , with yet little or no change of Ca 2 + conductance, so that this phase with an elevated [Ca 2 +]o lasts almost 30 minutes. The delayed [Ca 2 +]o decrease in white matter ischemia seems to be at variance with observations of LoPachin and Stys (1995) who describe a continuous increase of intracellular [Ca 2 +] during 60 minutes of in vitro white matter anoxia using electron probe x-ray mi croanalysis. Careful consideration of their data, however, provides evidence for a biphasic intracellular [Ca 2 +] rise with a first slight increase immediately after onset of anoxia and a second steeper increase starting about 40 minutes later. The first, more gradual rise in intracellular [Ca 2 +] is difficult to explain by our data, since it occurs in the absence of a decay of [Ca 2 +]o. The time of the second increase corresponds well with the time of the delayed decrease of [Ca 2 +]o in our study. The importance of delayed Ca 2 + influx into central white matter axons 30 to 60 minutes after arterial occlusion also is supported by in vitro observations during anoxia, showing that axonal damage can be prevented by removing Ca 2 + from the bath solution at these later time points (Stys et aI. , 1990b) . The mechanisms by which Ca 2 + can enter central axons during ischemia are different from those in neu rons. Myelinated axons have been described to lack volt age-activated and glutamate-gated Ca 2 + channels (Foster et aI. , 198 2; Ransom et aI. , 1990) . Investigations in the rat optic nerve preparation did not disclose any protec tion using nonspecific Ca 2 + channel blockers such as C0 2 + and MN 2 +, or using more specific blockade of L type Ca 2 + channels with dihydropyridines (nifedipine, nimodipine) (Stys et aI. , 1990a) . Interestingly, a more recent study reinvestigating the role of voltage-gated Ca 2 + channel antagonists found protective effects in the rat optic nerve preparation with both L-type and N-type Ca 2 + blockers (Fern et aI. , 1995) ; however, the specific ity of these compounds has been debated (Stys, 1998 ) . Similarly, protection by a-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid or N-methyl-o-aspartate receptor antagonists found in in vivo spinal cord ischemia (Mad den et aI. , 1993; Bowes et aI. , 1996) has been attributed to nonspecific effects on white matter mediated by direct effects on gray matter through the close link between these two tissue constituents in spinal cord (Stys, 1998 ) . More convincingly, Ca 2 + influx in white matter has been described to result from reverse operation of the Na+ Ca 2 + exchanger (Stys et aI. , 1992; Stys, 1998 ) . This pro cess depends on membrane depolarization and Na+ in flux mediated by opening of voltage-gated Na+ channels during anoxia or ischemia through inversion of Na+ gra dients across the cell membrane (Stys et aI. , 1992) . Since conventional voltage-gated Na+ channels are inactivated by membrane depolarization, it is probable that a noni nactivating Na+ conductance found in rat optic nerve axons is responsible for persistent influx of Na+ during anoxic stress (Stys et aI. , 1993) . Furthermore, determi nation of intracellular Na+ by electron probe x-ray mi croanalysis revealed that the almost continuous rise of this ion during the initial phase after induction of anoxia reaches a plateau at the same time point at which the earlier described secondary intracellular [Ca 2 +] rise is observed (LoPachin and Stys, 1995) . As a consequence, we suppose that transmembrane Na+ gradients are altered slowly in central axons until a threshold is reached, at which the Na+ gradient-dependent Na+-Ca 2 + exchange mechanisms are reversed. This view also is supported by preliminary in vivo extracellular determinations of sev eral ions using concomitant recording with multiple ion selective electrodes in the same model in transient global ischemia of 10 minutes ' duration. In these experiments, extracellular [Na+] in white matter decreased little during the brief ischemic episode, whereas increases in extra cellular [K+] and negative shifts of the DC potential were steeper, although alterations of ion activities in white matter generally were moderate compared with alter ations of the same ions in gray matter (Kumura et al. . J Cereb Blood Flow Metab. Vol. 19, No. 7, 1999 . Similarly, ion changes in anoxia are smaller in white matter than in gray matter (Ransom et aI. , 1992) . Simultaneous in vivo determinations of extracellular Ca 2 + and Na+ activities performed over longer ischemic episodes, and also of other ions such as K+ and H+, could help to better identify the relation between gray matter and white matter alterations of ion activities in brain ischemia.
CONCLUSION
The comparison between gray matter and white matter ischemia revealed slow, delayed decay of extracellular Ca 2 + in white matter to be the most significant finding. Because of the central role of this ion as a "final common pathway" to necrotic cell death (Siesjo, 198 6) , this result seems to be relevant for lower ischemic vulnerability of central white matter, since it has been proposed by older studies for both functional and structural alterations dur ing cerebral ischemia (Jones et aI. , 198 1; Marcoux et aI. , 198 2; Oraf et aI. , 1990 , Pantoni et aI. , 1996 .
